The M JMA 7.3 Kumamoto earthquake occurred on April 16, 2016, in the western part of Kyushu, at a depth of 12 km, on an active strike-slip fault. Here, we report on a relatively widespread activation of small remote earthquakes, which occurred as far as Hokkaido, detected by analyzing the continuous waveform data recorded at seismic stations all over Japan. Such relatively widespread remote seismicity activation, following a large inland earthquake, has not been reported before for Japan. Our analysis demonstrates that the remote events were triggered dynamically, by the passage of the surface waves from the Kumamoto earthquake. Most of the remotely triggered events in the Tohoku and Hokkaido regions, as well as close to Izu Peninsula, occur at or close to volcanoes, which suggests that the excitation of crustal fluids, by the passage of Rayleigh waves, played an important triggering role. Nevertheless, remote activation in other regions, like Noto Peninsula, occurred away from volcanoes. The relatively large-amplitude Love waves, enhanced by a source directivity effect during the Kumamoto earthquake, may have triggered seismicity on local active faults. The dynamic stresses in the areas where remote activation has been observed range from several kPa to tens of kPa, the thresholds being lower than in previous dynamic triggering cases for Japan; this might relate to a change in the crustal conditions following the 2011 M9.0 Tohoku-oki earthquake, in particular at volcanoes in NE Japan.
Background
Activation of seismicity at remote locations due to the passage of seismic waves from relatively large earthquakes is a well-documented phenomenon (e.g., Hill et al. 1993; Brodsky et al. 2000) , although the responsible underlying physical processes are still under debate (e.g., Hill and Prejean 2015) .
The static stress changes decay with distance, r, approximately proportional to r −3 , for distances exceeding the source extent (Aki and Richards 2002) , while the dynamic stress changes (due to the passage of surface waves) attenuate much slower (as r −3/2 , for surface waves, Hill et al. 1993) . Therefore, in general, activated seismicity that occurs at more than a few lengths from the mainshock could be attributed to dynamic rather than static stress changes, since the last ones become negligible. The shaking produced by the surface waves at a certain location depends not only on the distance between the source and receiver, but also on other factors such as directivity, radiation pattern and crustal structure (e.g., Manga and Brodsky 2006) . Nevertheless, the significant difference in dependence on distance is a robust feature to distinguish static and dynamic stress triggering (e.g., Manga and Brodsky, 2006) .
The physical mechanisms that operate to trigger earthquakes remotely are still under debate. Nevertheless, two main classes of models (Hill and Prejean 2015) are used to explain the triggering by dynamic stresses: (1) direct triggering by frictional failure and (2) triggering through excitation of crustal fluids. As documented in previous studies (e.g., Aiken and Peng 2014) , fluids are active agents in geothermal and volcanic areas, where dynamic triggering is often observed.
Somewhat surprisingly, Harrington and Brodsky (2006) report a relative lack of remotely triggered seismicity in Japan and propose some qualitative models to explain their observations. They find, however, that Kyushu (characterized by extensional tectonics and intense volcanism) shows some limited triggering following teleseismic events. Parsons et al. (2014) found as well that Japan has a relatively low triggering potential compared with other seismotectonic regions.
Recently, Miyazawa (2011) showed that extensive remote triggering of seismicity in Japan followed the occurrence of the 2011 M9.0 Tohoku-oki earthquake, at regions as far as Kyushu, at more than 1300 km distance from the Tohoku-oki epicenter. Since at such large distances the effect of static stress changes due to the mainshock is negligible and, in addition, the remote activations of seismicity followed the propagation of surface waves from the Tohoku-oki earthquake, Miyazawa (2011) concluded that the remote activation occurred due to changes in dynamic stress accompanying the passage of surface waves from the M9.0 earthquake. Thus, with the notable exception of the 2011 Tohokuoki earthquake (e.g., Miyazawa 2011; Yukutake et al. 2011) , remote triggering in Japan seems scarce at least (e.g., Harrington and Brodsky 2006) .
In this study, we report on a relatively widespread activation of remote seismicity following the 2016 M7.3 Kumamoto earthquake, which occurred on the active strike-slip Futagawa fault, in the western part of Kyushu Island, Japan, at relatively shallow depth (12 km). We show that the seismic activity is triggered dynamically, in particular at or close to volcanoes, and speculate on the mechanism that may explain these observations. Our study is motivated by the size of the 2016 Kumamoto earthquake, which is the largest inland event (M7.3) occurred in Japan after the 2011 Tohoku-oki earthquake; we considered the occurrence of this earthquake an excellent opportunity to search for remote dynamic triggering in Japan.
Methods
We have processed waveform data recorded at high-sensitivity Hi-net and broadband F-net stations, operated by the National Institute for Earth Science and Disaster Resilience (NIED), as well as Japan Meteorological Agency (JMA) stations located at volcanoes throughout Japan. Moreover, we have also processed waveform data recorded by the V-net network, operated by NIED, at Japanese volcanoes. In total, we have downloaded and processed the continuous waveform data at more than 1000 seismic stations all over Japan.
We have first downloaded waveform data recorded within one hour before and after the mainshock occurrence time (March 16, 2016; 01:25: 05, Japan standard time) and corrected adequately for instrument response.
In order to detect locally triggered events, we use a two-way Butterworth band-pass filter in the frequency range of 10-30 Hz. As we have experimented before (Shimojo et al. 2014) , such a filtering ensures good detection of locally triggered remote events, while avoiding at least in part high-frequency noise. In many cases, the remote detections were confirmed by identifying the Pand S-wave arrival times of the triggered events.
In order to correlate the observed remote triggering with the passage of surface waves from the Kumamoto earthquake, we have used F-net and Hi-net data in the frequency range of 0.01-0.2 Hz (5-100 s). In this respect, the Hi-net data were processed using the approach of Maeda et al. (2011) , who showed that the Hi-net waveforms can be successfully used to retrieve long-period ground motions after applying an appropriately designed recursive filter.
We have also used the JMA earthquake catalog to check the seismicity at the remotely triggered sites.
Results and discussion

Remote events triggered during the passage of Kumamoto earthquake surface waves
We show in Fig. 1 the location of seismic stations where remote earthquake triggering has been detected following the 2016 Kumamoto earthquake. The P-wave and S-wave arrivals of locally triggered events have been confirmed for most of the stations plotted in the figure. Stations where we could not be sure on the P-and S-wave arrivals, due to a rather poor signal-to-noise ratio (S/N), are shown in light colors. The S/N for the unambiguous wave arrivals had a median of 7.5 and minimum of 1.6 (smaller values were considered unreliable after careful visual inspection of seismograms). We have also eliminated, after visual inspection, spike-like signals that were considered to be noise rather than locally triggered events. In addition, stations located in areas where the "background seismicity" was masking the correlation of local seismicity with the passage of the mainshock surface waves were not considered in the analysis. In other words, all the selected cases correspond to visually sharp seismicity activations (at rates at least few times higher than the background). The (S-P) time is up to a few seconds for most of the remote events, which confirms that they occur in the vicinity of the seismic stations where the detection was made. We present in Additional file 1: Figure S1 a map similar to that of Fig. 1 , which additionally shows Hi-net stations at which no earthquake triggering is observed. Many of the stations in southwest Japan, where there are only few active volcanoes, do not show any triggered signal, although they are located relatively close to the mainshock hypocenter and the shaking there is relatively strong.
The closest "triggered" stations are located at about 300 km from the epicenter of the Kumamoto earthquake.
Since the length of the mainshock fault (Yagi et al. 2016 ) is of about 30-40 km, the static stress changes that operate at distances more than 7 times the fault length are too small to trigger seismicity. For example, in the case of the M7.4 Landers earthquake, the maximum stress changes calculated at epicentral distances more than ~4 times the The red triangles and gray lines indicate volcanoes and active faults, respectively. The name of some regions in Japan is indicated in gray, uppercase letters; the name of volcanoes close to which remote earthquake triggering has been observed is also indicated (gray letters). The two yellow stars (in the map and inset) indicate the M7.3 earthquake, and one of its immediate larger aftershocks in Oita prefecture occurred toward NE. The inset indicates the mechanism of the mainshock (F-net, NIED), its occurrence time and magnitude, as well as its source fault fault-length drop below ~1-3 kPa (Hill et al. 1993) ; such values are much smaller than the dynamic stress changes at similar distances. We can therefore be confident that the triggering observed at the stations plotted in Fig. 1 is caused by dynamic rather than static stress changes.
The furthest triggered event was observed in Hokkaido, at about 1650 km epicentral distance, close to Akan volcano. Triggering has also been observed at (or close to) other volcanoes in Tohoku (Akita-Komatagatake, Bandai and Nasu volcanoes), Chubu (Yakedake, Asama and Hakusan volcanoes), close to Izu Peninsula (Hakone and Oshima volcanoes) and in the southern part of Kyushu (at the Suwanose-jima volcano). The seismicity at Hakone volcano (close to Izu Peninsula) has also been remotely activated following the 2011 Tohoku-oki earthquake (Yukutake et al. 2011 ), but no other remote triggering has been reported there so far, following other teleseismic events. Seismicity close to some volcanoes in Chubu (e.g., Hakusan and Yakedake volcano) was triggered dynamically following the 2011 megathrust event (Fig. 1 
of Miyazawa 2011).
While remote seismicity triggering at volcanoes seems predominant, other regions of triggering include Wakayama, Tottori and Noto Peninsula, which correspond to active fault areas (and no volcanic activity).
Further support for the dynamic character of the triggered seismicity comes from Fig. 2 . Figure 2a shows the high-frequency (10-30 Hz) filtered waveforms recorded at selected, but representative stations in Fig. 1 . The gray reverse triangles show the approximate arrival time of Rayleigh waves assuming a nominal, typical phase velocity of 3.5 km/s (e.g., Aiken et al. 2013) . Remotely triggered events can be identified as sudden increases of the high-frequency waveform amplitudes occurring at progressively later times, function of epicentral distance. Figure 2b shows the low-frequency vertical seismograms (0.01-0.2 Hz) recorded at broadband F-net stations (Fig. 1) . These F-net stations were the closest available from the Hi-net stations used in Fig. 2a . The gray circles indicate events identified on the high-frequency seismograms in Fig. 2a . Note that these events are plotted at the same epicentral distances as the recording Hi-net stations, at times corresponding to their P-wave arrival at the corresponding station. Since the (S-P) times of the detected events are mostly up to about 3 s (usually 1-2 s), the distance-related uncertainties are up to ~25 km. Most of the detected remote events occur only during the larger surface wave (Rayleigh) phases, but in some cases (station N.NKNH, Fig. 2a ) the activation continues for longer times.
As one can notice in Fig. 2b , there is a good agreement between the arrival of surface waves (Rayleigh waves) from the Kumamoto earthquake and the remotely triggered events. It is hard, however, to judge whether Rayleigh waves or Love waves (that can be identified on transverse-component, low-frequency seismograms-figure not shown) or both are responsible for the triggering. More insight can be gained from the detailed analysis of some triggering cases (Fig. 3) , which were selected at increasingly larger distances from the mainshock.
In Fig. 3a , b and c, we present cases of remote triggering for three geographically different areas. The first and closest selected area is in Noto Peninsula, at ~750 km distance from the Kumamoto earthquake epicenter. We show in Fig. 3a the low-frequency (0.01-0.2 Hz) waveforms recorded at the Hi-net station N.AMZH ("N. " is omitted in the figure and text below, for brevity) for the vertical, radial and transverse components. Waveforms are time-shifted to the epicenter of the triggered event, assumed to have occurred at the TGIH station location. The high-frequency (10-30 Hz) vertical-component waveform at TGIH station (location in Fig. 1 ) is also plotted. Note that the NS component at the TGIH station was not working at the time of the Kumamoto earthquake; therefore, we had to choose a nearby station (AMZH) for plotting the low-frequency seismograms. The plot at the bottom of the figure indicates clear P-and S-wave arrivals for one of the remotely triggered Noto events. The (S-P) time is of ~1.3 s, which indicates that the epicenter of the triggered event locates in the immediate vicinity of TGIH. The remote events clearly occur during the maximum phases of both the Love (transverse velocity component) and Rayleigh waves (vertical and radial velocity waveform components); however, it is difficult to judge which of the two is mostly responsible for the triggering. The remote triggering in Noto occurred likely on an active fault, close to the epicenter of a past large earthquake, the 2007 M6.9 Noto earthquake (e.g., Asano and Iwata 2011) . Figure 3b shows the triggering close to the AkitaKomagatake volcano (epicentral distance of 1168 km from the mainshock), which is one of the active volcanoes in northern Honshu. In a similar way with Fig. 3a , the triggered events occur during the passage of surfacewave phases from the Kumamoto earthquake. Since the (S-P) arrival times are of ~1 s (see bottom plot), we assume the location of the triggered events to be the same as the location of the AKHC station. The three triggered events (time window of 400-450 s) occur during largest amplitude Rayleigh and Love wave trains. However, there is some delay between the onset of the large-amplitude Love waves and the remotely triggered seismicity. This may be explained by either a relative lack of triggering efficiency of Love waves or some period-dependent triggering potential.
We show in Fig. 3c the furthest earthquake triggering from the Kumamoto region, observed in Hokkaido, at an epicentral distance of ~1650 km, close to Akan volcano, which is one of the most active in Hokkaido. The local triggering (close to the JMA station MEAK: (S-P) time is of ~1 s) correlates with the passage of a relatively large Rayleigh wave train (as seen on the vertical and radial components at station ANNH).
Maximum shaking peak amplitudes and dynamic triggering levels; triggering mechanisms
We first discuss the peak mainshock surface-wave amplitudes at F-net stations (Fig. 1 ) located close to areas where triggering was observed after the Kumamoto earthquake. These amplitudes are typically equal or above 0.2 cm/s, with the exception of Hokkaido, where smaller peak amplitudes (of ~0.1 cm/s) have been recorded. Harrington and Brodsky (2006) show that for the case of the 2004 Sumatra earthquake, which produced peak shaking amplitudes in the range 0.25-0.7 cm/s in Japan (their Figure 5) , only the largest amplitudes (~0.7 cm/s) were associated with some remotely triggered events (occurred in Kyushu region). Therefore, smaller levels of shaking were capable of triggering earthquakes in Japan in the case of the 2016 Kumamoto mainshock. We also estimate the peak dynamic stress changes associated with the passage of Rayleigh and Love waves in the triggered regions from the amplitudes of the surfacewave ground velocities (e.g., Peng et al. 2009 ). Assuming plane wave propagation for teleseismic waves, the peak dynamic stress σ d is proportional to Gu'/V ph (Jaeger and Cook 1979) , where G is the shear modulus, u' is the peak particle velocity, and V ph is the phase velocity. Using a nominal G value of 30 G Pa, V ph = 4.1 km/s for the Love waves, and V ph = 3.5 km/s for the Rayleigh waves, we estimate dynamic stress change values.
Thus, at a relatively close location (epicentral distance of ~470 km), in Wakayama region (N.NAGH) the maximum dynamic stress changes measured on the vertical, radial and transverse components have rather large values on the order of 91-126 kPa. In Noto Peninsula (Fig. 3a , station AMZH) and in Tohoku region (Fig. 3b, station NSSH) , the dynamic stress changes are on the order of 24-56 kPa and 16-33 kPa, respectively. Finally, at the most remote triggering location, in Hokkaido (Fig. 3c, station ANNH) , the dynamic stress changes are on the order of 5-11 kPa. These last values are similar to the minimum dynamic stress values, of a few kPa, reported in other studies as capable of triggering earthquakes (e.g., Aiken and Peng 2014) . van der Elst and Brodsky (2010) report minimum dynamic stresses that could trigger earthquakes on the order of 0.1 kPa or even lower, using an improved approach. Nevertheless , Japan showed much higher thresholds (order of 90 kPa) (van der Elst and Brodsky 2010), which qualitatively agrees with the results of Harrington and Brodsky (2006) . Although the 2011 M9.0 Tohoku-oki earthquake was followed by relatively vigorous remote activation, the reported dynamic triggering thresholds were quite high (Miyazawa 2011) , similar to those reported by van der Elst and Brodsky (2010) for Japan. All these results suggest that the minimum dynamic triggering threshold in Japan, as observed in the current study, is decreased compared to previously reported values. Note that while the estimation of dynamic stresses using surface-wave amplitudes measured at Hi-net stations might lead to some underestimation, the order of these values is robust (Shimojo et al. 2014) . Moreover, the smaller amplitudes are much less affected.
We have investigated the predominant surface-wave frequencies that are responsible for the remote triggering after the Kumamoto earthquake and found wave periods of 10-25 s, similar to other cases of dynamic triggering (e.g., Yukutake et al. 2011; Hill and Prejean 2015) . We show in the Additional file 1: Figure S3 the amplitude spectra for the surface waves responsible for the triggering in Fig. 3 (the predominant periods are of 10-20 s, in these cases). Note that the passage of surface waves, in this frequency range, was less capable to trigger seismicity in Japan in previous study cases (Harrington and Brodsky 2006) , at similar shaking amplitudes.
We have checked the JMA earthquake catalog as well to see whether any significant change in seismicity has been taking place remotely, following the 2016 Kumamoto earthquake. We did not find any evidence for an increase in seismicity using the catalog data. The triggered events we have detected and handpicked (Figs. 2b, 3 ) on seismograms are very small, with magnitudes of ~1.0, based on a rough estimation. It is therefore reasonable to assume that such small events were not recorded by JMA. Note also that in the majority of cases, the triggering has been observed only during the surface-wave train, with no continuation at later times. From this point of view, we can describe the overall remote seismicity triggering after the Kumamoto earthquake as widespread, but relatively weak.
Since most of the remotely triggered events after the 2016 Kumamoto earthquake have been observed at volcanoes, the excitation of fluids by the passage of the mainshock surface waves might have contributed to receiver fault lubrication, thus facilitating the activation of remote seismicity. More specifically, the passage of mainshock Rayleigh waves might have induced volume changes, thus pressurizing fluids that are active triggering agents in geothermal and volcanic regions (Hill and Prejean 2015) . This could be well the case for the activation of seismicity at Akita-Komagatake and Akan volcanoes (Fig. 3b, c , as well as discussion in "Remote events triggered during the passage of Kumamoto earthquake surface waves" section).
The source directivity might be responsible for the relatively large shaking, up to large epicentral distances. Note that the rupture along the fault propagated from SW toward NE (Yagi et al. 2016 ) and most of the seismicity has been triggered along this direction. A similar directivity effect has been observed for the triggering following the 2011 Tohoku-oki earthquake (Miyazawa 2011) .
Note also that strike-slip events may radiate more energy than thrust events (Choy and Boatwright 1995) and are much more effective in generating Love waves (Fukao and Abe 1971) , in particular. One could speculate that the Love waves, which can induce shearing motion, were the main triggering factor of seismicity in active fault regions, like Noto, Wakayama and Tottori. The occurrence of remotely triggered events in such regions, which are seismically active, may point out that such areas are easier to activate since tectonic stresses there are relatively high, close to some critical threshold value. For the particular case of Noto, the seismicity in the region has mainly thrust-type focal mechanisms; however, some strike-slip motion component is often observed (e.g., the 2007 M6.9 Noto earthquake; Asano and Iwata 2011). The Love waves from the Kumamoto earthquake, arriving from an almost parallel direction to the Noto fault plane (of SW-NE direction, dip angle of 60 o -Asano and Iwata 2011), would have a relatively high triggering potential on such faults, at shallow depth (Hill 2012) .
After the 2011 Tohoku-oki earthquake, the seismicity all over Japan has been significantly affected. Either static (e.g., Toda et al. 2011; Enescu et al. 2012) or dynamic (e.g., Miyazawa 2011; Yukutake et al. 2011 ) stress changes were reported being responsible for such seismicity changes. A quick check shows that sites where dynamic triggering has been observed due to the 2016 Kumamoto earthquake were also activated immediately after the 2011 Tohoku-oki earthquake, for a relatively short time (Additional file 1: Figure S2 ). In many cases, the increase in seismicity in inland regions after the 2011 Tohokuoki earthquake has been associated with pore pressure changes and fluid excitation, in particular at volcanic or geothermal sites (e.g., Shimojo et al. 2014; Kosuga 2014) . Brenguier et al. (2014) showed that volcanic fluids have been pressurized in NE Japan, likely due to the passage of seismic waves from the 2011 Tohoku-oki earthquake. We therefore hypothesize that the triggering conditions might have changed in Japan (NE Japan in particular), after the 2011 Tohoku-oki earthquake, due to the mechanical weakening of a pressurized crust. This could explain the widespread remote triggering observed after the 2016 Kumamoto earthquake, at dynamic stress change levels significantly smaller then reported before for Japan. However, to fully verify this hypothesis, more detailed studies are necessary. The occurrence of other similar large inland earthquakes in the future may help understand whether the "trigger-ability" in Japan has changed due to the 2011 Tohoku-oki earthquake.
Conclusions
We have documented relatively widespread remote triggering of seismicity following the M JMA 7.3 Kumamoto earthquake, occurred on April 14, 2016, in Kyushu Island, along a strike-slip fault. Our analysis shows clearly that the triggering occurred during the passage of the surface waves from the Kumamoto mainshock. This is the most significant case of remote seismicity activation in Japan, with the exception of the 2011 Tohoku-oki earthquake, which produced as well widespread dynamic triggering (Miyazawa 2011) .
The dynamic stresses in the triggered regions range from several kPa to tens of kPa. The threshold dynamic stresses that can trigger seismicity are of a few kPa (e.g., Aiken and Peng 2014) ; however, larger thresholds have been reported for Japan (e.g., van der Elst and Brodsky 2010). We hypothesize that a change in triggering conditions may have taken place after the 2011 Tohoku-oki earthquake, in particular at volcanic areas in NE Japan.
Since most of the remotely triggered earthquakes have been observed at volcanoes, we suggest that the excitation of fluids may have been the main triggering mechanism. The significant shaking up to relatively large distances, due to a strong directivity effect, may explain the observed spatial distribution of the triggered events.
